The liquidus and solidus for the Ni-rich side of the Ni-Nb and Ni-Ti systems on a region of Ni-Nb and Ni-Ti systems of <10 mass% Nb or Ti were measured in order to establish the phase equilibria between the liquid and fcc phases. The thermodynamic parameters for both systems were reassessed based on the experimental data. The calculated liquidus and solidus agree well with the measured values of Ni-base superalloys as well as the present binary data.
Introduction
Ni-base superalloys are widely used for aerospace engines and land-based gas turbines for power generation because of their superior mechanical properties at high temperatures. Ni-base superalloys are notorious for their segregation prone property, hence macroscopic segregation is a key issue in manufacturing Ni-base superalloy components. When considering segregation, the partition coefficient and solidification temperature range are important parameters to predict the segregation tendencies of the alloys.
Thermodynamic calculation software packages based on the Calculation of Phase Diagrams (CALPHAD) approach, such as Thermo-Calc, 1) are becoming popular tools and are widely used for estimating the phase equilibrium of multicomponent alloy systems. Our group has recently developed a simulation model for the macroscopic segregation behavior coupled with the CALPHAD approach and solidification simulation.
2) The input data for this simulation, such as liquidus temperature and partition coefficient, were computed by the CALPHAD method; hence, the accuracy of these input data have an effect on the simulation results. Although the thermodynamic database Ni-DATA 3) is useful to calculate liquidus and partition coefficients of Ni-base alloys when using Thermo-Calc, much higher accuracy values for them are required to obtain reliable simulation results. In order to develop a new thermodynamic database for Ni-base alloys, we have started an experimental investigation of solid/liquid phase equilibria and thermodynamic reassessment of Ni-base alloys. 4) Nb and Ti are the key elements of precipitation in hardening-type Ni-base superalloys. In the Ni-Nb system, data on the liquidus and solidus have been reported by Grube et al., 5) Pogodin et al., 6) Svechnikov et al., 7) Kornilov et al., 8) Duerden et al., 9) and Chen et al. 10) Nash et al., 11) Bolcavage et al. 12) assessed the Ni-Nb system based on data in the literature. Both authors recommended the data of Duerden et al. 9) They mentioned that Duerden's data is preferred because the solidus was determined by a heating curve and the experimental procedure was well considered. However the liquidus temperature data of Duerden et al. 9) was measured by an optical pyrometer; hence, their experimental error might be large. Generally, the accuracy of an optical pyrometer is worse than that of a thermocouple.
On the other hand, there are many measurement data of the NiTix intermetallic compound composition because the Ni-Ti system is of particular interest as many shape-memory alloys are based on TiNi. However there seem to be just a few reports on the Ni-rich side of the Ni-Ti system. Vogel et al. 13) and Poole et al. 14) have reported data on the liquidus and solidus for the Ni-rich side of the Ni-Ti system. Murray, 15) and Bellen et al. 16) assessed the thermodynamic parameters from the literature. Murray assessed Ni-Ti system using the data of Poole et al. In the present study, the liquidus and solidus for the Ni-rich side of the Ni-Nb and Ni-Ti systems were measured in order to establish the phase equilibria between the liquid and fcc phases. Since the Nb and Ti contents in most Ni-base superalloys are less than 10 mass%, the measurements were performed mainly on a region of Ni-Nb and Ni-Ti systems of <10 mass% Nb or Ti. Furthermore, the thermodynamic parameters for both systems were reassessed based on the experimental data.
Experimental Procedure
Several methods have been reported for liquid/solid transformation temperature measurement. In order to confirm the validity of the experimental results, thermal differential analysis (DTA) and the solid-liquid diffusion couple method (DCM) 4) were employed for this study and the results obtained from the two methods was compared.
Specimens for the DTA experiment were prepared using a button arc-melting furnace. Aimed chemical compositions of both Ti and Nb were 2 mass%, 4 mass%, 6 mass%, 8 mass%, and 10 mass% respectively. The weight of each arc-melted ingot was approximately 200 g. The raw material Ni, Nb, and Ti were > 99:9 mol% grade, 99.9 mol% grade, and > 99 mol% grade respectively.
The apparatus shown in Fig. 1 was used for the DTA measurement. The furnace was a resistance-heat type using a SiC heater. The weight of a specimen was around 50 g. The reference material was the same weight of Ni-30 mass%Si alloy that shows no transformation in the test temperature range. Both materials were melted in a 17 mm ID , 100 mm L dense alumina crucible under a high-purity Ar (> 99:999 vol%) atmosphere. The test condition is shown in Fig. 2 . All samples were heated at a constant 200 C/h rate. In order to avoid the supercooling effect, solidus and liquidus temperatures were determined from heating curves.
DCM was also employed for this study. DCM has the advantages of being unaffected by supercooling and micro segregation, as well as free of contamination from the refractory material. DCM was carried out as described below.
Induction-melted electrolytic Ni was used for the base of the cylindrical specimen for the diffusion couple. The size and dimension of the diffusion couple specimen is schematically shown in Fig. 3 . Two 2 mm diameter holes 5 mm in length were drilled into the specimen. A piece of button arc melted test alloy was inserted into the hole. The diffusion couple was sealed in an evacuated quartz capsule to prevent oxidization during heat treatment. The quartz capsule was annealed at the prescribed temperature for 30 min. Then the capsule was broken, and the diffusion couple was quenched in ice water. The quenched diffusion couple was cut perpendicular to the hole and the cut surface was polished. The chemical composition near the solid/liquid interface portion of the diffusion couple was analyzed by an Electron Probe MicroAnalyzer (EPMA).
Thermodynamic Model
Thermodynamic assessment of the phase equilibria between the liquid and fcc phases was conducted. The Gibbs energy of the liquid and fcc phases are described by the sub-regular solution model. The molar Gibbs energy is given by
where X denote Nb or Ti. G Ni and G X are the Gibbs energy of the pure Ni and X, respectively, and x Ni and x X denote the mole fraction of Ni and X.
E G is the excess Gibbs energy, which can be further expanded, using the Redlich-Kister formalism as
where i and j correspond to the elements Ni, Ti and Nb. The interaction energy is described as a linear function of temperature, i.e., L i; j ¼ a þ bT.
Results
The chemical compositions of the test specimens are shown in Table 1 . The Nb and Ti contents in the specimens were slightly lower than the nominal compositions. Nb and Ti may be lost during the arc melting process. Though both Nb and Ti easily form oxides and nitrides, the O and N contents in the specimens are low enough that the effect of these impurity elements on the liquidus and solidus might be negligibly small. An example of the DTA curve is shown in Fig. 4 . In order to avoid the supercooling effect, liquidus (T L ) and solidus (T S ) temperatures were determined from the heating curve, as described before.
In terms of DCM, a shrinkage cavity was occasionally formed during the water quench, because the inserted test alloy was melted at the holding temperature. Accordingly, an EPMA line analysis was performed at the place where no cavity was located. If a cavity was unavoidable, the data on the cavity portion was deleted. An example of the EPMA result is shown in Fig. 5 . Since the solute element that diffused from the inserted test alloy penetrated into the Ni cylinder, the element concentration decreases as the distance from the liquid-solid boundary increases. The chemical composition profile of the inserted alloy portion is even and flat because the alloy was melted at the holding temperature. Therefore the chemical composition at the boundary is considered as the solidus composition at the test temperature and the inserted alloy portion as the liquidus composition.
The measurement results are summarized in Tables 2  and 3 . The measurement data obtained from the above experiments are plotted in Figs. 6 and 7. The DTA data are consistent with the DCM data. There seems to be no difference due to experimental method. 
Discussion
Two methods were used for the measurement of liquidus and solidus temperatures in this study. Since both results are correspond well with each other, the experimental data can be considered to be accurate. There seems to be some difference between these new data and the data previously reported by various researchers. Therefore the details of the previously reported data were examined.
In most of the reported data, measurement details are not clear. Since measurement methods of liquidus and solidus are well established and popular, most authors might think there is no need to show the detail and raw data. In some papers, however, there seem to be some concerns that may cause measurement error.
Nash et al. and Bolcavage et al. chose the data of Duerden et al. as the most preferable data, and used it for the Ni-rich portion of their Ni-Nb system calculation phase diagram. However, there is the problem that Duerden et al. used an optical pyrometer for their temperature measurements. Even though the pyrometer was calibrated by a standard lamp, a pyrometer is easily affected by atmospheric disturbances like fumes generated during melting. It is well recognized that the accuracy of pyrometers is inferior to thermocouples. In terms of the Ni-Ti system, the result in this study corresponds with the data of Poole et al. that was obtained by a thermal analysis similar to this study. This supports Bellen et al. describing the data of Poole et al. as being the most accurate.
Thermodynamic evaluations of the Ni-Ti 3, [17] [18] [19] and NiNb 3, 17, [20] [21] [22] [23] systems have been carried out by several research groups. These thermodynamic assessments paid attention to calculating the phase diagram over the whole composition range including every stable phase. Calculated liquidus and solidus lines in the Ni-rich side using the reported thermodynamic parameters deviate from our experimental data. Therefore, we have conducted a thermodynamic reassessment of the liquid and fcc phases in the Ni-rich portion using the thermodynamic experimental data of the liquid and fcc phases and our new experimental results. Thermodynamic calculation was conducted using Thermo-Calc 1) and the lattice stability parameters of the pure elements are taken from the Scientific Group Thermodata Europe (SGTE) data.
24) The evaluated thermodynamic parameters are listed in Table 4 . The constant terms after the decimal point and the temperature-dependent terms after two places of decimals are rounded off, because the numbers after the places could not have little effect on the calculation results.
The calculated thermodynamic properties and phase boundaries are shown in Figs. 8-13 . The calculated results using the present evaluated parameters are compared with the calculated results using the commercial Ni-DATA 3) database and the recent reported thermodynamic parameters as well as the experimental data.
Figures 8 23, [25] [26] [27] and 9 23, 28) show the calculated mixing enthalpy in the liquid phase and activity of Nb in the fcc phase for the Ni-Nb system. The experimental value of the mixing enthalpy of the liquid phase reported by Schaefers, et al. 26) was not used for the present assessment, because their data conflict with those of Chistyakov et al. 25) and of Sudavtsova. 27) Since the same values obtained from different 
researchers could be more reliable, the values were used for this reassessment. The present calculated results agree well with the experimental data. The activity of Nb in the fcc phase calculated by the Ni-DATA 3) deviate from the experimental data, although the calculated mixing enthalpy agrees with our calculated results and the experimental data. Chen and Du 10) adopted the mixing enthalpy reported by Schaefers, et al. 26) for their assessment; hence, their calculated results are quite different from our calculated results. The calculated phase diagrams of the Ni-Nb system are shown in Fig. 10 . 5, 6, 9, 10, 23) The present calculated results agree well with the present experimental data. This result suggests that the phase boundaries and thermodynamic data are self-consistent.
Figures 11 16, [29] [30] [31] [32] and 12 23, 33) show the calculated mixing enthalpy in the liquid phase and the chemical potential of the Ti of the fcc phase for the Ni-Ti system. The experimental value of the mixing enthalpy of the liquid phase reported by Thiedemann et al. 31) was not used for the present assessment, because their data conflict with other experimental data. Both our calculated results agree with the experimental data as shown in Figs. 11 and 12 . The calculated result of the chemical potential of the Ti of the fcc phase using the parameters from Bellen et al. 16) do not agree with the experimental data, although their calculated mixing enthalpy is similar to our calculated results. The calculated results using Ni-DATA are different from our calculated results. The calculated phase diagram of the Ni-Ti system is shown in Fig. 13 . 13, 14, 16) The present calculated results agree well with the present experimental data. This result also suggests that the phase boundaries and thermodynamic data are selfconsistent. The solidus line calculated using the Ni-DATA 3) does not agree with that of the present experimental data, although the liquidus line agrees with the present experimental data. The calculated value using the thermodynamic paramters of Bellen et al. are quite different from the present experimental data.
Conclusions
(1) The liquidus and solidus of the Ni-rich portion of Ni-Nb and Ni-Ti systems were measured using the differential thermal analysis method (DTA) and the diffusion couple method (DCM). Both results agree well with each other.
(2) The liquidus and solidus temperatures of the Ni-Nb binary system could be lower than those of the previously reported values. In the case of the Ni-Ti binary system, the measurement values match the data of Poole et al. ( 3) The thermodynamic parameters of the liquid and fcc phases were reassessed. The calculated liquidus and solidus agree well with the measured values of Ni-base superalloys as well as the present binary data. The new, assessed thermodynamic parameters are useful to predict the segregation behavior of Ni-base superalloys during solidification.
